Islet grafts can induce insulin independence in type 1 diabetic patients, but their function is variable with only 10% insulin indepence after 5 years. We investigated whether cultured grafts with defined ␤ cell number help standardize metabolic outcome. 
I
slet transplantation can correct type 1 diabetes in both kidney recipients and nonuremic patients (1) . However, the degree and duration of clinical success are variable, and only 10% of recipients remain insulin-independent for 5 years (1). Normalization of hyperglycemia is sometimes achieved with a graft from one pancreas (2, 3) , but more often requires combined isolates from more donor organs (4) (5) (6) (7) (8) ; these are then injected at one or, more often, two or three time points with different intervals, each involving an additional antibody treatment (2) (3) (4) (5) (6) (7) (8) . Grafts have not been standardized in terms of cellular composition and ␤ cell mass. This variability in protocol and in implanted ␤ cell mass probably contributes to the variable metabolic outcome and makes it at the same time difficult to undertake comparative protocols in search for a more successful outcome. In the present study we investigated the influence of ␤ cell mass in the implant on ␤ cell function in the recipient during the first year. Data were used to decide whether a second implant would be given and to correlate ␤ cell function in the recipient with metabolic benefit. An immune suppressive protocol was used with one antithymocyte globulin (ATG) course because this was previously found beneficial for survival of a later islet cell allograft while maintaining tolerance to the first graft (9) (10) (11) . Maintenance immune therapy consisted of a combination of mycophenolate mofetil (MMF) and tacrolimus. At posttransplant (PT) month 12, functional ␤ cell mass was compared with that of age-and body weight (BW)-matched controls, whereas the observed adverse events were analyzed versus those reported in other protocols.
Results
Survival and Function of First ␤ Cell Implant. During PT month 2, 16 of 22 recipients exhibited a surviving graft ( Fig. 1 ) with 6-fold higher median plasma C-peptide [1.32 ng͞ml, interquartile range (IQR) 0.93-1.87 ng͞ml] than in the six other cases (0.22 ng͞ml, IQR 0.12-0.29 ng͞ml) (P Ͻ 0.001). Their mean fasting blood glucose (113 mg͞dl, IQR 107-119 mg͞dl) was similar (121 mg͞dl, IQR 112-137 mg͞dl) (P ϭ 0.18), but its coefficient of variation (CV) was significantly lower (17%, IQR 12-22% versus 38%, IQR 35-41%) (P ϭ 0.001). Comparison of both groups for recipient and graft characteristics demonstrated a significant difference in the number of donor ␤ cells per kilogram of body weight (BW) (P ϭ 0.002) ( Table 3 , which is published as supporting information on the PNAS web site). Plasma C-peptide and CV of fasting glycemia (CVgl) strongly correlated with ␤ cell number per kilogram of BW (Fig. 2) . The index of a surviving graft (plasma C peptide Ն0.5 ng͞ml) was achieved with grafts containing minimally 2 ϫ 10 6 ␤ cells per kilogram of BW (Fig. 2) ; all but one patient with 2-month C-peptide Ͻ0.5 ng͞ml had received fewer ␤ cells per kilogram of BW.
Patients with 2-month C-peptide Ն1 ng͞ml and CVgl Ͻ25% (n ϭ 9) did not receive a second graft (group A). At PT month 12, they all exhibited a surviving graft (C-peptide Ն0.5 ng͞ml), but only five maintained the 2-month values of C-peptide and CVgl: these five became insulin-independent and remained so up to PT month 12 ( Fig. 1) . Of the four others in group A, two were transiently insulin-independent (PT months 3-9), but for all four insulin dose at PT month 12 was significantly lower than at start (median 53% lower) with similar HbA 1c values than preimplantation (median 7.7%). These four cases did not receive fewer ␤ cells (3.7 ϫ 10 6 per kilogram of BW; IQR 3.4-4.3; P ϭ 0.33) than the five that were insulin-independent at PT month 12 (2.6 ϫ 10 6 per kilogram of BW; IQR 2.3-4.2).
Survival and Function of Second ␤ Cell Graft. In 13 patients a second graft was implanted during PT month 3, namely in seven patients with 2-month C-peptide 0.5-1 ng͞ml and CVgl Ͼ25% (group B), and in six with 2-month C-peptide Ͻ0.5 ng͞ml (group C) ( Fig. 1) . At PT month 12, all patients in group B had C-peptide Ն0.5 ng͞ml, indicating that a second graft implanted under maintenance immune suppression did not result in massive destruction of the first implant. In fact, when the second graft contained Ͼ2 ϫ 10 6 ␤ cells per kilogram of BW (4 of 7 patients), it increased ␤ cell functions in all cases as shown by the higher PT month 12 plasma C-peptide (1.88 ng͞ml, IQR 1.70-2.17 ng͞ml) and lower CVgl (9%, IQR 8-10%) (Fig. 1) ; these four patients also became insulinindependent and remained so up to PT month 12. Such an increase in ␤ cell function was not achieved in patients receiving a second graft with Ͻ2 ϫ 10 6 ␤ cells per kilogram of BW (3 of 7 patients in group B) (Fig. 1) . In group C patients, a second graft with Ն2 ϫ 10 6 ␤ cells per kilogram of BW resulted in graft function at PT month 12 in 3 of 4 recipients ( Fig. 1 ) with low CVgl in two and a state of insulin independence in one; one other patient was insulinindependent between months 5 and 10. Comparison of recipient and graft characteristics did not reveal differences between the insulin-independent and the insulin-treated groups or among the patient groups that maintained insulin independence after either one (n ϭ 5) or two (n ϭ 5) grafts. All four patients who received two grafts with Ն2 ϫ 10 6 ␤ cells per kilogram of BW were insulin-independent at PT month 12, whereas this was the case for only five of nine receiving one such graft (Fig. 1) .
Metabolic Effects of Surviving ␤ Cell Graft. In 18 recipients, ␤ cell function (as evidenced by plasma C-peptide Ն0.5 ng͞ml) was maintained up to PT month 12 ( Fig. 1) . This occurrence was associated with beneficial metabolic effects in the form of (i) lower mean fasting glycemia for lower doses of insulin treatment (Fig. 3) , (ii) a significantly lower CVgl (Fig. 3) , and (iii) fewer hypoglycemic episodes. The percentage of glucose measurements Ͻ70 mg͞dl decreased from 11% (IQR 8-16%) before transplantation to 0% (IQR 0-3%) (P ϭ 0.001) between 6 and 12 months, and the percentage of severe hypoglycemia (Ͻ50 mg͞dl) decreased from 3% (IQR 1-5%) to 0% (IQR 0-0%) (P Ͻ 0.001). None of the recipients exhibited a hypoglycemic episode requiring assistance.
These beneficial effects were significantly higher in patients who were insulin-independent at PT month 12 than in those who were on insulin treatment (Fig. 3) ; they never presented a glycemia Ͻ70 mg͞dl (0%, IQR 0-0%) whereas this occurred in 3% (IQR 2-8%) (P ϭ 0.03) of insulin-treated patients; their HbA 1c level was also lower (Fig. 3) . No correlation was noticed between the degree of metabolic normalization at PT month 12 and the total ␤ cell number that was transplanted at one or at two occasions; however, the small number of patients per subgroup limits the significance of this analysis. For the same reason we could not assess whether a positive correlation existed between long-term metabolic function and the number of cytokeratin-19 positive cells, as recently reported by Street et al. (12) .
Comparison of Functional ␤ Cell Mass in Insulin-Independent Recipients with That in Matched Normal Controls. At PT month 12, fasting glycemia was slightly higher in insulin-independent recipients than in age-and BW-matched controls (107 mg͞dl versus 83 mg͞dl; P Ͻ 0.001) whereas the corresponding plasma C-peptide levels were slightly lower ( Table 1) . The difference in functional ␤ cell mass was quantified by expressing C-peptide release during a glucose clamp test, first in the absence and then in the presence of glucagon. In insulin-independent graft recipients, no secretory response was detected during the first 10 min of glucose stimulation; it was clearly present after prolonged hyperglycemia (120-150 min) but corresponded only to 26% of the values in the normal controls ( Fig. 4 and Correlation between ␤ cell number in the first graft and metabolic outcome at PT month 2 as measured by plasma C-peptide (Top), CV (Middle), and mean (Bottom) prebreakfast glycemia. A positive correlation was found between ␤ cell number and plasma C-peptide (R ϭ 0.69, P Ͻ 0.001) and CVgl (R ϭ Ϫ0.69, P Ͻ 0.001) but not with mean glycemia (R ϭ Ϫ0.14, P ϭ 0.52). Table 1 ); administration of glucagon did further increase C-peptide levels but not their relative proportion with respect to the control levels (Table 1) . When individual values were plotted, all recipients were found to exhibit a markedly lower ␤ cell secretory capacity than controls, both in the absence and in the presence of glucagon (Fig. 4) . Nine of the 10 recipients were clustered at 20% of the median control and one was at 60% (Fig. 4) . These data can be considered as an index for a markedly lower functional ␤ cell mass in insulin-independent recipients at PT month 12.
Adverse Events. None of the recipients presented complications of the graft infusion (i.e., no bleeding, thrombosis, or sepsis) or life-threatening adverse events. Only one of 24 patients developed HLA antibodies. Immune suppressive treatment caused a series of side effects (listed in Table 4 , which is published as supporting information on the PNAS web site) of which the following are the most prevalent or serious: during the ATG course, 8 of 24 patients presented fever (37.5-39°C) for 1 or 2 days. MMF caused gastrointestinal symptoms (mainly pyrosis, 9 of 24) that were reduced or disappeared after lowering the dose; they caused the dropout of one patient. One patient was hospitalized for cerebellar ataxia that disappeared after reducing the tacrolimus dose.
Alanine transaminases were increased in 8 of 24 recipients 1-3 weeks after the first graft (2 of 12 after laparoscopy and 6 of 12 after transcutaneous injection); this was not the case after the second graft (0 of 14) (P ϭ 0.03). One patient developed CMV hepatitis (18-fold rise in alanine transaminases at PT week 6 with a progressively increasing number of CMV DNA copies and CMV seroconversion) that was treated with ganciclovir. Red blood cells transiently decreased in 18 of 24 recipients of the first graft; six of them received a blood transfusion at week 2. Leucopenia (Ͻ3,000͞mm
3 ) was seen in 17 of 24 patients at PT month 3 but in only 6 of 24 patients at PT month 12 (P ϭ 0.003), presumably because the MMF dose was reduced. Creatinine clearance was 16% lower from PT week 2 on without further decrease during the 1-year follow-up; none presented a serum creatinine Ͼ2 mg͞dl. Albuminuria decreased in 8 of 8 patients with pretransplant micro-or macroalbuminuria: i.e., from 108 (47-368) mg every 24 h (median, IQR) at start to 29 (22-65), 21 , and 25 (21-86) mg every 24 h at PT months 2, 6, and 12, respectively; corresponding values for estimated glomerular filtration rate (Cockroft-Gault formula) were 87 (78-100) ml͞min at start and 71 (61-91), 70 (61-85), and 72 (64-82) at PT months 2, 6, and 12, respectively. Total cholesterol was significantly reduced at PT month 12 and also in the six patients with pretransplant cholesterol Ͼ190 mg͞dl. Twenty-two patients lost weight during the first 6 PT months. Data represent median glycemia (mg͞dl) and AUC C-peptide (ng͞ml per min) with IQR in parentheses. AUC, area under curve. 
Discussion
The present study demonstrates that cultured human islet cell preparations can be used to prepare grafts with reproducible metabolic outcome after intraportal transplantation in preuremic type 1 diabetic patients. Grafts are characterized by their cell number and cellular composition. Donor ␤ cell mass is quantified by the number of insulin-positive cells as was first described for rat islet cell grafts (13, 14) and later used for human allografts in patients with a prior kidney transplant (9) . The number of ␤ cells injected per kilogram of BW closely correlated with metabolic outcome parameters, namely plasma C-peptide levels and the ability to suppress variations in fasting glycemia. We have not found such a correlation when using islet equivalents (IEQ) (15) to express graft size (data not shown). In a previous article we discussed reasons why IEQ is a less adequate index for ␤ cell mass (9); most dithizone-positive particles contain ␤ cells but also variable percentages of nonendocrine cells and extracellular volume, which are thus included in the IEQ measurement, leading to variable overestimations of ␤ cell mass. Moreover, in cultured preparations dithizone sometimes stains nonislet structures while it becomes weaker and more difficult to distinguish in ␤ cells as a result of their degranulation. Defining the grafts on the basis of their ␤ cell number and purity overcomes these limitations and provides a direct measurement of ␤ cell mass and of its degree of contamination. Use of this cellular definition led us to the name of ␤ cell grafts, just as the term islet preparation relates to a characterization as the number of isolated islets or counted IEQ. In opting for cultured preparations, more quality control tests can be performed before transplantation. Grafts with defined ␤ cell mass help to set standards for comparative trials and should facilitate multicenter studies. This finding could be particularly useful when assessing the therapeutic potential of insulin-positive cells generated from stem or precursor cells. Use of culture also allows to test its ability to reduce the immunogenicity of human ␤ cell grafts, as was the case in rodents (16, 17) . On the other hand, culture has the disadvantage of reducing the yield in ␤ cells per donor organ, thus increasing the number of donors needed per transplantation. However, this factor did not reduce the number of transplanted patients in our program; on the contrary, because we rarely have access to optimal donor pancreases, our trial depended on the ability to collect donor cells from organs that would otherwise be discarded because of insufficient quality or quantity. The relatively small ␤ cell yield from such organs necessitated collection from several donors, thus prolonging total culture time.
Grafts were only 40-50% pure in endocrine cells with nongranulated cells as major ''contaminant'' that probably corresponds to duct cells given their positivity for cytokeratin-19 and their ultrastructural features. This purity is markedly lower than in rodent islet experiments, which can be responsible for a less favorable outcome (14) . There are presently no techniques available that achieve a higher degree of purity in ␤ cell numbers that are needed for transplantation. The number of insulin-positive cells injected varied from 0.5 to 6 million per kilogram of BW. It was found that minimally 2 million per kilogram of BW were needed to achieve signs of functioning grafts, during PT month 2, i.e., in 16 of 17 recipients of such grafts versus 0 of 5 recipients of a smaller ␤ cell number, plasma C-peptide Ͼ0.5 ng͞ml plasma and CVgl was reduced. Because none of these 16 recipients were insulinindependent at PT month 2, the question rose whether a second transplant would be needed to reach insulin independence with time. The PT month-2 values of plasma C-peptide and CVgl were used as basis to decide on a second graft to be performed during PT month 3 without a second antibody course and without changing MMF and tacrolimus maintenance doses. No second transplant was conducted in the nine patients with C-peptide Ͼ1 ng͞ml and CVgl Ͻ25% because this C-peptide level had been found to precede a state of insulin independence in islet cell after kidney recipients (9) and because this CVgl expresses stable fasting glycemia (group A, stable fasting glycemia). A second graft was administered in the other seven subjects (plasma C-peptide 0.5-1 ng͞ml and CVgl 17-23%; group B, intermediate fasting glycemia control). The six patients with C-peptide Ͻ0.5 ng͞ml and CVgl 34-41% (group C, no fasting glycemia control) also received a second graft. All patients were then evaluated 12 months after the first transplant. It was found that an allograft of cultured ␤ cells can survive when transplanted in a recipient who is only on maintenance immune suppression for an islet cell allograft that was performed Ͼ2 months before. Furthermore, reintroduction of foreign ␤ cells did not lead to the destruction of a surviving first graft; on the contrary, in all four recipients showing a functioning first graft, a second graft improved fasting glycemia control and resulted in insulin independence when containing Ͼ2 million ␤ cells per kilogram of BW. Within the constraints of the limited numbers of recipients, this outcome seems better than that after one injection of Ͼ2 million ␤ cells per kilogram of BW, where stable fasting glycemia control was maintained in only five of nine patients, with all five being insulin-independent at PT month 12. A longer follow-up period is now needed to assess whether this apparent advantage of a second graft remains. Studies with larger ␤ cell numbers should also be planned considering the fact that the numbers transplanted in the present series of patients are on the lower side of those needed to maintain long-term normoglycemia in isogenic rat recipients (10 million ␤ cells per kilogram of BW) (14) ; interestingly, contamination with nonendocrine cells interfered with long-term normalization in this rat model (14) .
Achieving stable fasting glycemia, as expressed by a CVgl Ͻ25%, represents an index of immediate clinical benefit for the patients because it is associated with a reduced risk for (severe) hypoglycemic events (refs. 18 and 19 and the present study). If maintained long-term it should also correlate with a delay or an arrest in the development of chronic diabetes lesions. The therapeutic significance of islet cell transplantation will depend on the duration over which grafts stabilize blood glucose control. A likely predictor for this metabolic control function is the secretory capacity of the ␤ cell implant during a hyperglycemic clamp test because such a test can be correlated with the surviving ␤ cell mass (20) . We therefore performed this test in graft recipients that were insulin-independent at PT month 12 and compared C-peptide release with that in ageand BW-matched nondiabetic controls. The data indicated that the secretory capacity of the ␤ cell implant was only 25% of that in normal controls, with little interindividual variations. Because there is presently little evidence for a growing ␤ cell mass or function in recipients of human islet cell grafts, this size may progressively become insufficient in subsequent months and years. A progressive decline in graft function has already been reported by Ryan et al. (21) , who performed Kaplan-Meier analysis on patients transplanted in Edmonton. Studies are thus needed to investigate how a larger functional ␤ cell mass can be achieved and maintained in the diabetic recipients. Among the variables to be examined are donor, graft, and recipient characteristics, as well as the immune suppressive treatment. We believe that such comparative analysis can benefit from the presently proposed protocol because this achieves a reproducible metabolic outcome during the first year PT.
Further trials will have to weigh the benefit of islet cell transplantation against its adverse events. In the present study no serious adverse event was recorded during or after any of the 37 transplantations, irrespective of whether the portal vein was reached by laparoscopy (22) or percutaneously (23) . A transient rise in liver transaminases occurred between weeks 1 and 3 after the first implantation, as was also seen in previous studies (24, 25) , but this was not observed after the second one, suggesting a correlation with the start of immune suppressive drugs. Our immune suppressive therapy consisted of induction with ATG and maintenance doses of MMF plus tacrolimus. This regimen did not cause worsening of albuminuria, blood pressure, and cholesterol levels as was the case with the Edmonton protocol using sirolimus plus tacrolimus (8, 26) . It was associated with a weight loss and with gastrointestinal side effects that were reduced after lowering the dose of MMF. Use of tacrolimus may impair kidney function, but this was not detected during the first year; a longer follow-up is needed.
Methods
Graft Recipients. Potential graft recipients (age 18-65 years) were recruited at participating hospitals according to the following inclusion criteria: (i) type 1 diabetes with plasma C-peptide Ͻ0.09 ng͞ml at glycemia of 120-200 mg͞dl, both in the absence and the presence of i.v. glucagon stimulation; (ii) large within-person between-day variation in fasting self-monitored plasma glucose (as defined by CV Ն25%) together with episodes of hypoglycemia (27, 28) ; (iii) HbA 1c Ͼ7% despite intensive insulin therapy; (iv) one or more signs of chronic diabetes lesions (hypoglycemic unawareness, microalbuminuria despite optimal dose of ACE inhibitor, retinopathy). Exclusion criteria were as follows: BW Ͼ90 kg; active smoking; pregnancy; disturbed liver function tests; history of hepatic disease, thrombosis, pulmonary embolism, tuberculosis, or malignancy; presence of HLA antibodies; and EBV antibody negative status. After signing an informed consent, candidate recipients were listed at Eurotransplant and selected on the basis of listing date, blood group compatibility with available graft, and status of physical and mental health at the time of implant. Twenty-four patients were consecutively enrolled for the present protocol; two of them were removed from the 12-month metabolic analysis, one after developing CMV hepatitis at PT week 5 and the other by his own decision to drop out at PT week 26 because of gastrointestinal side effects; they were not removed from the safety analysis. None of these patients were treated with metformin or insulin sensitizers either before or during the study. Their baseline characteristics are shown in Table 2 .
Immune Suppression and Monitoring. The immune suppression protocol was comparable to that found to sustain survival of cultured ␤ cell grafts when implanted in patients who were on maintenance immune therapy for a prior kidney transplantation (9) . It consisted of a short course of ATG and a maintenance treatment with an antimetabolite and a calcineurin inhibitor (9) . ATG (Fresenius HemoCare, Redmond, WA) was started 1-4 days before transplantation at a dose of 9 mg͞kg and continued at 3 mg͞kg for 6 days except when T lymphocyte count was Ͻ50͞mm 3 . Total cumulative dose of ATG ranged from 18 to 31 mg͞kg (median 24 mg͞kg). MMF (2 g͞day; gift of Roche, Brussels, Belgium) was started together with the first ATG injection and maintained at this dose. Tacrolimus was started the day before the last ATG administration, and its dose was adjusted to maintain blood trough levels of 8-10 ng͞ml during the first 3 months and 6-8 ng͞ml afterward. In case a second ␤ cell graft was implanted, no additional course of ATG was given and the MMF dose was not changed, but tacrolimus levels were maintained at 8-10 ng͞ml for the subsequent 3 months. Three hours before a ␤ cell implant, one dose of 500 mg of methylprednisolone was given i.v.
Preparation of ␤ Cell Grafts. Pancreases from brain-dead heartbeating donors were procured by hospitals affiliated with the Eurotransplant Foundation (Leiden, The Netherlands) according to local medical, legal, and ethical guidelines for organ donation. Organs were transported to the Beta Cell Bank in Brussels for preparation of cultured ␤ cell suspensions according to standardized procedures (9); the Beta Cell Bank is recognized and monitored as a transplant tissue bank by the Belgian Ministry of Social Affairs, Health, and Environment. Islet cell-enriched fractions were cultured as described previously (29) by using serum-free Ham's F10 medium͞0.5% human albumin͞135 mg͞dl glucose͞2 mM glutamine (50 l of tissue in 45 ml of medium suspended in a T175 Starsted culture flask with a vented cap). After 2-20 days (median 6 days; IQR 3-11 days) the preparations were analyzed for their ␤ cell number and purity (9, 29) . Data were used to select preparations that, after combination, would constitute a graft with 0.5-5 ϫ 10 6 ␤ cells per kilogram of recipient BW suspended in 40-85 ml of Ham's F10 medium with 0.5% human albumin. The final cellular composition of each ␤ cell graft was determined on samples that were taken just before implantation (9) . For each preparation, whether taken at the start of culture or during culture, or from the final graft, triplicate samples for DNA assay were taken, each being assayed in duplicate; when calculated for 30 consecutive grafts, the CV among these aliquots was 9% (5-14%), and that among duplicate samples was Ͻ5%. The total number of cells in a fraction was calculated by dividing its DNA content (in picograms) by 6.5 pg per cell, the average cellular DNA content measured in sorted single human adult ␤ cells and duct cells. The number of ␤ cells was then determined on the basis of the percentage of insulin-positive cells counted in duplicate samples of this fraction. The characteristics of the 35 grafts used in this study are listed in Table 2 ; the number of donors per graft was four (median; IQR of three to five). Compared with freshly isolated islet fractions (4), these preparations exhibit a higher percent ␤ cells and contain virtually no acinar cells. Culture led to fragmentation of large tissue particles and reassociation of small particles. In view of these characteristics and the selected criteria for quantifying the grafts, we define them as ␤ cell preparations. Data represent median for 22 recipients with IQR in parentheses. All recipient data were measured before transplantation, except glycemia, which represents measurements at home during the preceding year. The CVgl correlated with the percentage of fasting hypoglycemia Ͻ70 mg͞dl (R ϭ 0.71, P Ͻ 0.001) and Ͻ50 mg͞dl (R ϭ 0.73, P Ͻ 0.001). None of the recipients had a CVgl Ͻ 25%. M, male; F, female.
